We sought to delineate factors of inferior vena cava filter placement associated with increased radiation and cost and difficult subsequent retrieval. In total, 299 procedures from August 2013 to December 2014, 252 in a fluoroscopy suite (FS) and 47 in the operating room (OR), were reviewed for radiation exposure, fluoroscopy time, filter type, and angulation. The number of retrieval devices and fluoroscopy time needed for retrieval were assessed. Multiple linear regression assessed the impact of filter type, procedure location, and patient and procedural variables on radiation dose, fluoroscopy time, and filter angulation. Logistic regression assessed the impact of filter angulation, type, and filtration duration on retrieval difficulty. Access site and filter type had no impact on radiation exposure. However, placement in the OR, compared to the FS, entailed more radiation (156.3 vs 71.4 mGy; P = 0.001), fluoroscopy time (6.1 vs 2.8 min; P < 0.001), and filter angulation (4.8° vs 2.6°; P < 0.001). Angulation was primarily dependent on filter type ( P = 0.02), with VenaTech and Denali filters associated with decreased angulation (2.2°, 2.4°) and Option filters associated with greater angulation (4.2°). Filter angulation, but not filter type or filtration duration, predicted cases requiring >1 retrieval device ( P < 0.001) and >30 min fluoroscopy time ( P = 0.02). Cost savings for placement in the FS vs OR were estimated at $444.50 per case. In conclusion, increased radiation and cost were associated with placement in the OR. Filter angulation independently predicted difficult filter retrieval; angulation was determined by filter type. Performing filter placement in the FS using specific filters may reduce radiation and cost while enabling future retrieval. I nferior vena cava fi lter (IVCF) placement is performed to prevent pulmonary embolism in patients with or at risk of deep venous thrombosis in the abdomen, pelvis, and lower extremities and in those who have a contraindication to or have failed anticoagulation. Th e number of IVCF placements has increased in the United States over time (1) . Th ere is a national initiative to remove optional fi lters as soon as they are no longer indicated, given the risk of fi lter malfunction and possibility of venous thromboembolism (2, 3) . IVCF placement and retrieval are procedures typically performed with fl uoroscopic guidance. With increasing numbers of fi lter placements and retrievals, procedure staff are exposed to increasing levels of ionizing radiation. It is generally agreed that radiation exposure should be minimized to a level as low as reasonably Factors associated with reduced radiation exposure, cost, and technical difficulty of inferior vena cava filter placement and retrieval Matthew Neill , MD , Hearns W. Charles , MD, Daniel Pflager , and Amy R. Deipolyi , MD, PhD achievable, not only to protect patients but also to protect staff from scattered radiation (4, 5) . Understanding variables that lead to higher procedural radiation doses can suggest strategies to reduce dose. Furthermore, with current nationwide focus on reducing health care costs as health care moves away from fee-for-service models toward bundled payment systems, delineating strategies to reduce procedure costs is essential (6) . Th e purpose of the study was to delineate sources of increased radiation and cost in IVCF placement and aspects of placement predicting diffi culty in fi lter retrieval.
METHODS
Th is single-center retrospective review included all patients who underwent IVCF placement from August 2013 to December 2014, identifi ed by searching the picture archiving and communication system. Demographic and procedural data were obtained from the electronic medical record. A total of 299 IVCFs were placed; 252 cases were performed in the fl uoroscopy suite (FS) and 47 in the operating room (OR). Nine operators placed fi lters in the FS with an average of 10.3 (range 1-27) years of experience; 6 operators placed fi lters in the OR with an average of 12.3 (range 2 -34) years of experience ( P = 0.72). No operator placed fi lters in both locations. Preferred FS fi lters were Denali, VenaTech, ALN, and Option/Option Elite; preferred OR fi lters were the Option/Option Elite, Celect, Eclipse, and Meridian. FS procedures were performed using an AXIOM Artis digital system (Siemens Medical Solutions USA, Inc, Malvern, PA) or a Polystar TOP system (Siemens Medical Solutions USA, Inc, Malvern, PA). OR procedures were performed using an Artis Zeego system (Siemens Medical Solutions USA, Inc, Malvern, PA).
We recorded the type of anesthesia used, radiation dose, fl uoroscopy time, venous access site (femoral vs jugular), fi lter type, fi lter tilt (the angle between the long axis of the cava and the long axis of the fi lter), and distance of the fi lter tip from the most inferior renal vein (distance from the superior tip of the fi lter to the most inferior aspect of the most inferior renal vein). If the fi lter was positioned with the tip above the lowest renal vein, the distance was documented as a negative value, measured from the bottom of the vein. Suprarenal IVCFs were excluded from analysis of distance from the renal vein. In assessing radiation exposure, patients without documented radiation dose and those undergoing multiple fl uoroscopic procedures were excluded. Patients with inadequate images were excluded from analysis of fi lter position.
Th e diff erence in cost between FS and OR procedures was estimated by assessing data available in the hospital cost allocation system. Direct costs of each procedure were not available, such that only comparative savings could be estimated. Cost estimates included procedure time in hours multiplied by per hour salary dollars of attending physician proceduralist; the cost of 1 hour of recovery time in the postanesthesia care unit after OR cases vs the cost of 1 hour of recovery on a standard hospital fl oor under routine nursing care following procedure room cases; and the diff erence in cost of intraprocedural medications in each setting. Medication use was determined by examining procedure records; the most commonly used medications were lidocaine for FS cases and lidocaine and propofol for OR cases.
We documented the number of retrievable fi lters that were retrieved, the time from placement to retrieval, fl uoroscopy time, number of retrieval instruments (e.g., snare), and complications. Retrievals were categorized as diffi cult if the procedure required more than one instrument (e.g., additional snare or forceps) or >30 minutes of fl uoroscopy time.
Statistical analysis was performed using GraphPad Prism 6 (Graphpad Software, La Jolla, CA). Multiple linear regression assessed the impact of patient and procedural variables on the fl uoroscopy time, radiation dose, fi lter angulation, and distance from the most inferior renal vein. Multiple logistic regression assessed the impact of fi ltration duration, fi lter type, and fi lter angulation on the diffi culty of retrieval. Institutional review board approval was obtained; the need for consent was waived given the retrospective nature of the study.
RESULTS
A total of 299 IVCFs were placed ( Table 1 ) , most commonly in inpatients (87%) in the FS (84%) with local anesthesia only (84%), via jugular access (70%), using contrast venography (94%). Denali, Venatech, and Option fi lters were most commonly used. To assess for variables contributing to radiation exposure and accuracy of placement, several multiple regression analyses were performed, with age, gender, use of carbon dioxide, inpatient vs outpatient status, indication for placement, jugular vs femoral access, fi lter type, type of anesthesia, and location of placement (FS vs OR) as the independent variables ( Table 2 ). Ten cases performed in the OR and 68 cases in the FS were excluded from the analysis of radiation dose and fl uoroscopy, either because these data were not reported or available in the stored images or because other fl uoroscopic procedures were also performed.
A total of 213 retrievable fi lters were placed; attempts were made to retrieve 68 of them (32%). On average, retrieval required 12.9 minutes (range 1.2-167.1) of fl uoroscopy time; 9 procedures (13%) required more than one retrieval device (e.g., additional snares or forceps). To assess the impact of fi lter type, angulation, and duration from placement to retrieval on the diffi culty of retrieval, these were used as independent variables in multiple logistic regressions for procedures requiring more than one retrieval device and procedures requiring >30 minutes of fl uoroscopy time. Th e regression analysis predicting the need for more than one retrieval device was signifi cant ( P = 0.0002), with fi lter angulation being the only independent predictor ( P = 0.0008), but not fi lter type ( P = 0.50) or fi ltration duration ( P = 0.99). On average, fi lters requiring more than one retrieval device were angulated by 5.3° (SE 0.8; range 3-15), whereas fi lters requiring only one device were angulated by 3.0° (SE 0.2; range 0-12) ( P = 0.02). Th e regression predicting fl uoroscopy time exceeding 30 minutes was also signifi cant ( P = 0.01), with fi lter angulation as the only independent predictor ( P = 0.02), but not fi lter type ( P = 0.15) or fi ltration duration ( P = 1.00). On average, fi lters requiring more than 30 minutes of fl uoroscopy time for removal were angulated by 4.0° (SE 0.2; range 3-15), whereas those requiring less than 30 minutes of fl uoroscopy time were angulated by 2.7° (SE 0.3; range 0-12; P = 0.10). We estimated cost savings for performing IVCF placement in the FS compared with in the OR. All OR cases entailed some form of anesthesia, including general anesthesia or monitored anesthesia care, whereas an anesthesiologist was involved in only 5% of FS cases. Most FS cases involved only a local anesthetic (92%). Cost savings were estimated to be $444.50 per case, favoring FS procedures ( Table 3 ) . Th e anesthesiology physician salary was not available in the hospital cost allocation system. Th e cost of preferred fi lters in each area was excluded, although on average, those in the OR were $50 more expensive than those in the FS.
Th ere were 6 (2%) adverse events during IVCF placement: 1 contrast reaction, 1 fi lter malposition, and 4 access site hematomas. Only 1 (0.4%) of these events required further management (neck exploration for hematoma after jugular venous access). Th ere were 22 deaths (8%) within 1 month, all unrelated to fi lter placement. Among 213 retrievals, there was 1 (0.5%) incision site bleeding, and 1 fi lter (0.5%) that could not be retrieved, became mangled, and was left in place, with a suprarenal fi lter placed instead. Th is latter case involved an Option fi lter.
DISCUSSION
Th is study demonstrates that IVCF placement is accurate, safe, and can involve radiation exposure similar to or lower than previously reported values. An accepted fl uoroscopy time of 2.8 minutes and cumulative dose of 166 mGy have been published (7) , compared with the 3.2 minutes and 79 mGy reported here. Th e adverse event rate (2%, or 6 of 299 procedures) reported herein is signifi cantly lower than that in older studies (20%) (8) , likely due to equipment and procedural advancements. Technical and contextual variables can lower radiation dose and procedure cost. In this study, the type of venography and the venous access site did not impact the radiation dose. Th e only variable that was noted to increase dose and fl uoroscopy time was placement in the OR, as opposed to the FS. Th e cause for this diff erence is likely multifactorial. FS procedures were performed by interventional radiology physicians, whereas OR cases were performed by vascular surgeons. Radiologists receive extensive training in radiation safety and protection and are tested on these principles as part of American Board of Radiology certifi cation ( http://www.theabr.org/ic-dr-core-exam#CoreExamStudyGuides ). Nonradiologists are relatively uninformed about basic radiation principles (9) . Invasive cardiologists, for example, demonstrate poor adherence to radiation protection (10) , and not all fellows receive formal radiation education (11) . Similarly, nearly half of vascular surgery fellows do not receive formal radiation training (12, 13) . Th e lack of emphasis on dose reduction among non-radiology-trained operators may account for the more than double radiation doses and fl uoroscopy times found in OR cases, as there was no difference in the quality of the fl uoroscopic equipment or average years of operator experience. Our fi ndings here complement a recent report that interventional radiologists use less radiation during dialysis access interventions than vascular surgeons (14) .
In addition to radiation exposure, IVCF placement in the FS was associated with a >$400 estimated cost reduction compared with placement in the OR. Th is study calculated the estimated cost to the hospital, rather than billable services to the patient, and excluded the cost of the anesthesiologist who is required for all OR cases, as this information was not available in the cost allocation system. Most cases (92%) performed in the FS entailed local anesthesia alone, and only 5% involved the services of an anesthesiologist. Findings are in line with a prior study reporting that IVCF placement was roughly $1000 more expensive per procedure for placement in the OR compared to placement in the FS, with most of the cost due to the presence of an anesthesiologist (15) . Intravenous sedation is considerably less expensive than general anesthesia for many procedures (16) (17) (18) (19) . Similarly, a recent report documented signifi cantly decreased cost but similar lower complication rates for chest Mediport placement by interventional radiology compared with surgery (20) . Our fi ndings suggest signifi cant reduction in cost to the hospital when IVCF placement is performed in the FS compared to the OR.
Th e effi cacy of an IVCF depends on accuracy of placement and caval course and confi guration (21) (22) (23) (24) . Th is study showed signifi cant diff erences between fi lters regarding the fi nal angulation of the fi lter relative to the central caval axis. Interestingly, Denali fi lters had signifi cantly less angulation (2.4°) than Option/Option Elite (4.2°), Celect (4.6°), and Meridian fi lters (4.7°). Th e reduced tilt of Denali fi lters could lead to better function of the fi lter and may reduce diffi culty in future retrieval. Prior studies confl ict as to whether fi lter angulation contributes to diffi culty in retrieval, with some indicating that tilt does not play a role (25, 26) , and others suggesting tilt does impact ease of retrieval (24, 27, 28) . In this study, angulation of the fi lter was the only independent predictor of diffi cult fi lter retrieval, as indicated by prolonged fl uoroscopy time and use of additional retrieval devices. Th ese data may explain the observation that Option fi lters are more challenging to retrieve, with longer retrieval procedure times and more equipment (29) . Such data could impact decisions regarding fi lter placement.
We report here a 32% retrieval rate, in line with prior studies demonstrating 10% to 30% rates prior to instituting a robust fi lter follow-up program (30, 31) . With dedicated attention to tracking fi lters placed and recalling patients, retrieval rates may increase to 50% to 60%. Given the recommendation of the US Food and Drug Administration to remove fi lters as soon as they are no longer needed, more work is needed to delineate which follow-up programs are most eff ective and least costly to ensure retrieval (2, 3) .
Th e primary limitation of this study was its retrospective design, which allowed for bias in patient selection and referral patterns. Th e large discrepancy in the number of procedures performed in the OR vs the FS limits the conclusions that can be made regarding the impact on radiation exposure. Bias in patient selection, referral patterns, and diff erences in fl uoroscopy equipment cannot be removed from the retrospective study design. While there was no diff erence in the years of experience between the operators in the FS and those in the OR, there may be interindividual diff erences in technique that impacted the amount of radiation used. Because of the retrospective, nonrandomized nature of the study, it is impossible to make fi rm conclusions as to the source of the increased radiation dose observed for OR cases; prospective studies assessing interventions such as radiation education would be necessary to ascertain whether discrepancies in training could account for the observed diff erences in technique. Also, because certain fi lters were preferentially used in the OR as opposed to the FS, there may be bias in regard to the precision of placement. Th e lack of access to anesthesiology costs limited the optimal estimate of cost savings. Furthermore, lack of access to actual procedural costs made calculating direct costs impossible and prohibited the ability to assess the statistical signifi cance of cost diff erences.
